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Abstract

The use of carbon supports for late transition metal nanoparticle catalysts has grown
substantially in recent years due to efforts to develop electrocatalysts for clean energy
applications and catalysts for new aqueous-phase biomass-related conversions, and due to the
evolution of new carbon materials with unique properties (e.g., graphene, carbon nanotubes,
etc.). However, much less is known about the bonding energetics of catalytic metal nanoparticles
on carbon supports in comparison with oxide supports, which are more common for thermal
catalysis. Here we report the growth morphology and heats of adsorption of Ni vapor deposited
onto graphene/Ni(111) at 300 K and 100 K using metal vapor single crystal adsorption
calorimetry (SCAC) and He" low-energy ion scattering (LEIS). These results provide the Ni
chemical potential versus particle size and the Ni / graphene adhesion energy. LEIS intensities
suggest that Ni grows as flat-topped FCC islands with a nearly constant thickness of ~1.5 nm
when deposited at 300 K. At 100 K, Ni grows as smaller nanoparticles, well modeled as
hemispherical HCP nanoparticles with a density of ~2 x 10'® particles/m?. The Ni chemical
potential as a function of average particle diameter in the 0.5 to 4 nm range at 100 K was
determined from the heats of Ni gas adsorption. By fitting the measured chemical potential as a
function of diameter, we determined an adhesion energy of 3.6 J/m? for large Ni particles on
graphene/Ni(111). This adhesion energy is in good agreement with previous STM and DFT
investigations of Ni/graphene/Ni(111).
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1. Introduction

Late transition metal nanoparticles anchored to high-surface-area support materials are
widely used as heterogeneous catalysts and electrocatalysts for energy, environmental, and
chemical applications. The adsorption energies of small molecules and reaction intermediates
onto the metal nanoparticles greatly affect the activity and selectivity of these catalysts. It is
well-known that these adsorption energies and the catalyst thermal stability are strongly
influenced by the size of the metal nanoparticles as well as the support material to which the
nanoparticles bind.!”” Thus, a fundamental understanding of these nanoparticle size and support
effects is important to designing improved catalysts. Previous work by our group has shown that
the chemical potential of metal atoms in supported nanoparticles contains important information
about both these particle size and support effects in catalysis.>®° That work demonstrated that
the metal chemical potential can be modelled as a function of the nanoparticle size and the
adhesion energy of the metal to the support material.>* A higher chemical potential leads to
stronger adsorption of small molecules and intermediates as well as a larger driving force for
catalyst deactivation via sintering.>"-1°

Carbon supports are important and widely used for heterogeneous catalysts,
electrocatalysts, and photocatalysts due to carbon’s resistance to chemical degradation, high-
temperature stability, simple fabrication methods, low cost, and high electrical conductivity.''"1
While there is a wide variety of carbon-based support materials (e.g. activated carbon, carbon
black, graphite), many of these materials share the same graphitic building block.'® The
interesting chemical properties and applications of graphitic carbon in heterogeneous catalysis
make it an appealing template for fundamental research. Here we measure the chemical potential
of Ni atoms in Ni nanoparticles supported on a graphene film on Ni(111), and show how the

chemical potential relates quantitatively to particle size via the Ni / graphene adhesion energy.

Recently, our group studied the energetics of Ag atoms and nanoparticles on graphene
supported on Ni(111).!> That was the only previous study of metal atom energetics for any late
transition metal on any carbon support material. The Ag monomer was found to bind more
weakly to graphene than it does to the surfaces of metal oxide supports. It was also found that Ag
nanoparticles have a lower adhesion energy (in the large-size limit) to graphene/Ni(111) than
onto reducible metal oxides such as CeO2(111) and TiO2(100), but higher adhesion energy than
on irreducible metal oxides such as MgO(100). The bonding of Ag to the graphene support is
somewhat unique in combining weak monomer bonding with moderately strong nanoparticle
adhesion, which has advantages as a catalyst support.'> This motivates the investigation of other
later transition metals on graphene.

Nickel based heterogeneous catalysts are important for a wide variety of chemical
reactions.!®2! It is also well-known that the selectivity of these Ni catalysts is strongly affected
by size and support material.>> 2> For example, in CO, hydrogenation on Ni catalysts, small
molecules such as CO and CH4 dominate on small nanoparticles, while carbon-carbon chain



formation requires larger particles with available neighboring sites for C-C coupling.?*?* For this
same reaction, different metal oxide supports vary the hydrogenation products via binding
different intermediates.?**>

Nickel nanoparticles supported on graphitic materials are used as an alternative to
expensive platinum-based electrocatalysts for oxidation reactions.?®° It has been shown that the
nature of the interaction of the Ni nanoparticles with the carbon support can have a large
influence on the reactivity of these catalysts.?®>° In addition, it is well-known that the particle
size can have a major effect on the catalyst kinetics for Pt-group metals.?*>1-%

There are many excellent theoretical (mostly DFT) calculations of the bonding strength
between Ni and graphitic materials***!' and experimental measurements of the particle
morphology of Ni on graphitic supports.>®**~** While the exact details of these studies can vary
tremendously, there is some consensus that Ni forms strong bonds with C(0001) and clustering
of Ni monomers leads to the formation of 3D Ni particles on graphite and graphene.’¢-384
Despite all the previous work done investigating the surface science of Ni on C(0001), to our
knowledge there is only one experimental measurement of the bonding strength between Ni and
a graphitic support, whereby an adhesion energy of 3.5 J/m? at the Ni/graphene interface was
estimated from the shape of graphene-supported Ni nanoparticles.*®

In this paper, we report the bonding energetics of Ni atoms in Ni nanoparticles grown by
Ni vapor deposition onto a graphene-covered Ni(111) support using single crystal adsorption
calorimetry (SCAC). These measurements determined the heat of adsorption of Ni vapor atoms
as they adsorb onto the graphene substrate and bond to previous formed Ni nanoparticles of
controlled size. The growth morphology of this vapor deposited Ni was measured using low-
energy ion scattering (LEIS). From the coverage dependent heats of adsorption and particle size
from LEIS, we determined the chemical potential as a function of the average Ni particle
diameter and the adhesion energy of Ni to graphene/Ni(111). The results presented here provide
important details of the chemical bonding energetics of Ni nanoparticles to metal-supported
graphene support materials. To our knowledge, this paper presents the only measurement of Ni
chemical potential versus Ni nanoparticle size on any well-defined carbon-based support, and the
first calorimetric measurement of the adhesion energy of Ni nanoparticles to any well-defined
carbon-based support. This is just a first step in understanding how Ni chemical potential relates
to the performance of Ni catalysts on carbon supports. Because of the cleanliness and order of
this Ni(111) supported graphene surface, the results also serve as an energy benchmark for
comparison to density functional theory (DFT) calculations with different functionals, as a
means to validate the functional’s energy accuracy with respect to metal nanoparticle bonding to
carbon-based supports.



2. Experimental Methods

A full description of the single-crystal adsorption calorimetry (SCAC) apparatus and
detailed experimental procedures is presented elsewhere.* Briefly, the calorimetry experiments
were done in an ultrahigh-vacuum (UHV) chamber with a base pressure <2 x 107'° Torr. This
chamber is also equipped with X-ray photoelectron spectroscopy (XPS), Auger electron
spectroscopy (AES), He" low-energy ion scattering (LEIS), low-energy electron diffraction
(LEED), quadrupole mass spectrometry (QMS), and two quartz crystal microbalances (QCMs).
Surface spectroscopy measurements were obtained with a PHI 10—360 precision energy analyzer
with a PHI 72—250 position sensitive detector.

The Ni metal beam is generated by evaporating Ni pellets in an e-beam evaporator. The
Ni vapor is collimated through a series of apertures to give an average beam diameter of 4.26
mm. The beam is then pulsed with a chopper with a pulse duration of 100 ms and a period of 2 s.
The Ni flux is monitored with two QCMSs: one on-axis QCM to measure the flux at the sample
position (possible only just before and just after calorimetry) and another off-axis QCM to
continuously monitor the flux during the experiment. The flux varies with time (typically
dropping by ~10% during a run), so the continuously measured off-axis flux was scaled at all
times in a method described previously to provide the flux at all times at the sample position.*

The heat released is measured using a pyroelectric polyvinylidene fluoride (PVDF)
ribbon in thermal and mechanical contact with the 1 pm thick Ni(111) single-crystal sample. The
PVDF ribbon is calibrated for each experiment using a HeNe laser with known energy. The total
heat detected with the PVDF ribbon is a combination of the heat of adsorption as well as the
thermal radiation from the hot metal source. The signal from thermal radiation was measured by
placing a barium fluoride (BaF>) window in front of the sample to block Ni atoms from reaching
the sample but allowing a known fraction of thermal radiation to transmit through the window
(>90%, measured with and without the window in the path). The resulting signal from thermal
radiation was then subtracted from the total heat signal. The measured heat was further corrected
to account for the difference in internal (translational) energy between the directed flux of gas-
phase Ni atoms coming from the high-temperature electron beam evaporator (~2000 K)*? and a
collection of the same gas atoms in a Boltzmann distribution at the surface temperature (300 or
100 K).*® The resulting heat is thereby equal to the negative of the standard enthalpy of Ni
adsorption at the sample temperature.

The sticking probability of each pulse is measured simultaneously with the adsorption
heats using a modified King and Well’s method described previously.***’ The number of Ni
atoms that stick to the sample surface in each pulse is then equal to the flux times the pulse
duration and the sticking probability. The differential heat of adsorption per mole of adsorbed Ni
as a function of the cumulative Ni coverage can then be calculated from the measured heats,
fluxes, and sticking probabilities. The Ni coverages reported here are given in units of
monolayers (ML), with 1 ML defined as 1.87 x 10! atoms/m?, which is the areal density of Ni



atoms on the Ni(111) surface as well as exactly 'z the areal density of C atoms on the graphene
surface, which grows in registry with the Ni(111) substrate.*3*

3. Results
3.1 Graphene Growth and Characterization

Graphene films were grown on a clean 1 um thick Ni(111) single crystal sample using a
direct growth method from ethene gas previously described in the literature.!>¥6-%31 This
procedure is known to produce a single layer of graphene on Ni(111) and not multilayers nor
multilayer islands.*¢>%3! Before growth, the Ni(111) sample was cleaned by cycles of flashing
the sample at 800°C followed by 1.0 kV Ar" ion sputtering until the presence of the C 1s carbon
peak could no longer be detected by XPS. The clean Ni(111) sample was then annealed in
vacuum at 600-650°C for 5 min before the sample was exposed to 10 Torr of ethylene for 30
min while the sample was continually held at 600-650°C. After growth the presence of graphene
was confirmed by AES. Previous work has shown that the C-KVV AES line has distinctive
shapes for graphitic or carbidic carbon which provided an easy method to determine the surface
carbon phase.*®*>3 In line with previous work, we found that samples grown at temperatures
below 500°C showed the presence of nickel carbide while samples grown between 600 and
650°C consistently showed the line-shape characteristic of graphene.*® The quality of all
graphene films was further confirmed with He" LEIS in this study, which was quantified by the
ratio of the nickel LEIS signal from the sample after graphene growth to that from the clean
Ni(111). This ratio showed that the graphene films covered >95% of the Ni(111) surface for all
samples investigated here.

3.2 Ni Sticking Probability on Graphene/Ni(111)

The sticking probability of Ni gas atoms to graphene/Ni(111) was monitored during
calorimetry experiments by measuring the transient QMS signal for Ni atoms during each
deposited pulse of the atomic beam. This signal was then normalized to a zero-sticking signal for
Ni atoms, measured by pulsing the Ni atomic beam onto a hot W foil, where no permanent
sticking occurs, as described previously by our group.*® The fraction of atoms that stick times the
Ni vapor flux and pulse duration was then used to determine the number of Ni atoms per unit
area that adsorbed in each pulse. This was used to scale the adsorbed heat per pulse (to get the
heat per mole adsorbed) and to calculate the accumulated Ni coverage for all calorimetry and
growth mode experiments.

The sticking probability of Ni on graphene/Ni(111) as a function of Ni coverage at 300
and 100 K is shown in Figure 1. The Ni coverages reported here are given in units of ML, with 1
ML defined as 1.87 x 10" atoms/m?, which is exactly ¥ the areal density of C atoms on the



graphene surface, which grows in registry with the Ni(111) substrate, with 2 C atoms per surface
Ni atom.**=! The results in Figure 1 show that the sticking probability at 300 K starts at 94% and
increases slowly with Ni coverage, rising to a value of 97% by 4 ML. At 100 K, the sticking
probability starts higher at 96% and gradually rises until reaching slightly higher than 99% by 4
ML.
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Figure 1: Sticking probability of Ni gas atoms onto graphene/Ni(111) as a function of Ni
coverage at 300 K (red, filled points) and 100 K (blue, open points). The absolute coverage of 1
ML is defined here as 1.87 x 10'° atoms/m?.

The higher sticking probability seen here at lower sample temperatures is commonly
reported for metal adsorption, where it has been attributed primarily to the decreased desorption
rate of diffusing metal adatoms as the temperature is decreased.?*>* Since the ratio of the
desorption rate to the diffusion rate of Ni is much smaller at 100 K when compared with 300 K,
the diffusing Ni adatoms are more likely to desorb at the higher temperature before they find
other Ni adatoms of Ni clusters to which they can bind.

The sticking probabilities reported here for Ni atoms deposited onto graphene/Ni(111)
are up to 20% larger than those previously reported for Ag deposition on the same surface.'® This
can be attributed to a stronger binding of Ni monomers onto the graphene substrate compared
with Ag monomers. This hypothesis is corroborated by previously reported DFT calculations of
the adsorption energy of Ni and Ag monomers onto a graphene support, which consistently show
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a much higher adsorption energy for Ni monomers when compared with Ag monomers.>>>’ The
sticking probabilities measured here for Ni atoms on graphene/Ni(111) are also larger than those
measured previously by our group for Ni atoms on MgO(100) at the same temperatures.?* This
also implies a stronger binding of Ni monomers to graphene than to MgO(100).

3.3 Ni Growth Morphology on Graphene/Ni(111)

The growth morphology of Ni on graphene/Ni(111) at 300 and 100 K was determined
using He" LEIS measurements. Ni was vapor deposited onto the graphene/Ni(111) substrate in
discrete amounts and the Ni LEIS signal was measured after each dose. The substrate’s LEIS
signal (graphitic carbon) could not be measured due to a near unity ion neutralization probability
for He" ions scattered from graphitic carbon, as was the case for Ag deposition on
graphene/Ni(111).!>%8-6% The integrated Ni LEIS signal was normalized to the signal from a thick
Ni layer (>10 nm) which served as the Ni reference signal for complete coverage of the graphene
surface by Ni. This normalized Ni LEIS signal then gives the fraction of the surface covered (and
shadowed) by Ni particles.

The normalized Ni LEIS signals versus Ni coverage are shown in Figure 2a, along with
fits of these data to different growth models for the Ni particle growth morphologies. Data shown
are the averages from several repeated LEIS signal versus coverage measurements. The growth
models analyzed in this study include layer-by-layer, constant height and hemispherical cap
models. A layer-by-layer growth model (shown as a straight black dashed line) shows the signal
that would be observed if Ni grew in a layer-by-layer fashion. As can be seen in Figure 2a, this
model does not fit the data well. Instead, we found models where the Ni grows as 3D
nanoparticles fit the data well. Specifically, a constant particle height model fits the 300 K data
well, and a hemispherical cap model fit the 100 K data very well. These two models will be
discussed in the remainder of this section. The constant height model assumes that the Ni
nanoparticles have the same height at all coverages (above some tiny coverage) and have flat
tops. The hemispherical cap model assumes the Ni nanoparticles have a hemispherical shape and
the same average particle diameter at a given coverage, and that the number of particles per unit
area is a constant, independent of coverage (above some tiny coverage).

Using the data in Figure 2a, the average Ni nanoparticle thickness can easily be
calculated by converting the number of Ni atoms per m? to the total volume of Ni per m?
(assuming the deposited Ni particles have the same density as bulk Ni) and dividing by the
fractional area covered by Ni particles, as measured with LEIS. The average thickness is then ¢ =
6 % nyr X Myi/ (N4 % pni % f) where 6 is the total Ni coverage (in ML), nazz is the Ni atomic
number density that defines one monolayer (ny, = 1.87 x 10'° atoms/m?), My; is the molar mass
of Ni (58.69 g/mol), N4 is Avogadro’s number, py; is the bulk density of Ni (8.9 g/cm?), and f'is
the fraction of the graphene surface area covered by Ni particles, as obtained from the He" LEIS
measurements. The resulting average Ni particle thickness as a function of Ni coverage is shown

7



in Figure 2b. The thicknesses here at 100 K have been slightly corrected from the above equation
by multiplying them by 1.207 to take into consideration the effect of shadowing of the support
surface in LEIS near island edges, based on the hemispherical cap model (details below).
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Figure 2: (a) Integrated Ni LEIS signal normalized to a thick multilayer Ni film as a function of
the Ni coverage following deposition onto graphene/Ni(111) at 300 K (red, filled points) and 100
K (blue, open points). The black dashed line corresponds to the signal that would be observed if
Ni grew in a layer-by-layer fashion on this substrate. The colored red line corresponds to a model
in which Ni grows as flat islands with a thickness of 1.5 nm. The colored blue line corresponds
to a model with Ni growing as 3D hemispherical caps with a particle density of 2.23 x 10
particles/m?. The dotted line above a normalized Ni LEIS signal of 0.33 is only a guide to the
eye since the model should not be applied at those higher coverages. (b) Average Ni particle
thickness as a function of coverage, and on the right axis, the average diameter of hemispherical
caps that correspond that this thickness. The colored red line shows a constant average thickness
of 1.5 nm (for 300 K) and the colored blue line corresponds to the model in which Ni grows as
hemispherical caps at 100 K with a particle density of 2.23 x 10! particles/m?.

For the Ni growth at 300 K, the normalized Ni LEIS signal versus coverage is well-fit by
a straight proportionality (red, solid line in Figure 2a). This line has a slope of 1/(7.33 ML). This
proportionality indicates that at 300 K, flat Ni islands grow with an average thickness of 7.33
ML (1.5 nm), nearly independent of coverage. This model is further supported by the 300 K data
in Figure 2b (red, filled points) which shows the average Ni island thickness is nearly constant
with average value ¢t = 1.54 nm. As seen, the island thickness does increase slowly with
coverage.

This growth model in which Ni grows as islands with a nearly constant average height at
300 K is further supported by STM observations on the growth morphology of Ni on graphene
from the literature.***? Both these STM observations at room temperature clearly showed that Ni
vapor deposited onto graphene forms triangular islands with flat-topped terraces. The study by



Lahiri et al. included a room temperature STM measurement of Ni on graphene/Ni(111) and
showed that the islands had similar apparent heights of 1.58 + 0.42 nm, with the flat tops being
Ni(111) terraces, for a wide range of island widths (1-11 nm).® The study by Sicot et al.
included a 300 K STM measurement of Ni on graphene/Rh(111) with an average apparent height
of 1.8 nm and edge lengths between 5 to 18 nm at a Ni coverage of 0.9 ML.** Since the (111)
face is the most stable (lowest surface energy) facet of FCC Ni, this shape provides energetic
stability.

A previous study has provided a kinetics-based explanation for why particles can grow
flat and keep nearly a constant (i.e., only slowly increasing) height during vapor deposition as the
island diameter (or width) grows initially to be much larger than the height.®! Such a flat shape is
not the thermodynamically-preferred particle shape, but occurs instead due to kinetics. As shown
in Figures 8 and 9 there,®' when small, flat, one-atom thick islands are grown in the first layer,
and if the energetics for a newly deposited adatom are appropriate, new atoms which land on top
of an island will diffuse rapidly to the island edge and down-step to add instead to sites with
stronger binding around the perimeter of the island. Essentially, if the top of the island is a flat
Ni(111)-like surface, as shown by STM,*® a new Ni monomer will not be stable there (since it
can only make three Ni-Ni bonds there), whereas the sites around the island edges have locations
where that Ni atom can make more Ni-Ni bonds than just three and thus are much more stable.
Similarly, new Ni atoms which land on the support and diffuse to the island will prefer sites
around the island perimeter, and not up-step to nucleate a new layer. This causes the islands to
grow in diameter (or width for non-circular islands) without gaining height up to some critical
diameter where diffusing Ni monomers on top of the island encounter each other and nucleate a
cluster on top of the flat island, creating a nucleation site for growth of a new layer. Thereafter,
individual large, flat islands grow in height in a nearly layer-by-layer fashion, and also slowly
increase in width. This would lead to a collection of islands with nearly the same thickness at
any given coverage (at low coverages).®' The rate of Ni diffusion around the island edges
determines whether the islands appear circular, triangular, or some other faceted shape.®?
Importantly, the small ratio of island height to width in those STM studies cited above means
that it is a good approximation to neglect any shadowing effects near island edges in modelling
the LEIS signal versus coverage curves at 300 K, as we have done in Figure 2.

The 100 K data is well-fit by a hemispherical cap growth model (blue line in Figure 2a
and Figure 2b) first described by Diebold et al., in which all particles are assumed to have the
same hemispherical shape and same average particle size at a given coverage.>** These particles
are also assumed in that model to have a constant areal number density at all coverages, to be
consistent with classical nucleation theory in which a saturation number density is reached at a
very low coverage, and thereafter the number density stays nearly constant for a large coverage
range. %> This model is only applied up to coverages for which £ < 33%, because at higher
coverages the particles might begin to overlap (depending on how uniformly they are separated),
so the model assumptions could break down. The regime in which the model is no longer



appropriate is illustrated in Figure 2a and Figure 2b as a dashed blue line. As shown in previous
work,* when the particles grow as hemispherical caps the total surface area masked by the
particles and their shadows is 1.207 times the metal/support interfacial area if the He" ion beam
is incident normal to the surface and the energy analyzer detects scattered ions 45° from the
surface normal, as done here. With this hemispherical cap model, the normalized Ni LEIS data
can be modelled with the saturation particle density as the only fitting parameter. As shown in
Figure 2a (blue solid line), the best fit to the 100 K LEIS data gives a particle density of 2.23 X
106 particles/m?.

For hemispherical particles, the average diameter equals three times the average
thickness. This average particle diameter for this 100 K data, and its hemispherical-cap fit curve,
(calculated as three times the average thickness) is shown as the right-hand axis in Figure 2b. As
expected, the data for average diameter as a function of coverage also agrees well with this
hemispherical cap model.

This hemispherical cap model for Ni on graphene at 100 K is somewhat different than
previously reported low-temperature particle shape measurements for Ni on C(0001).4>~#
Baumer et al. studied Ni on graphite(0001) at 100 K using primarily XPS and SPA-LEED and
found that the island height does not vary significantly with Ni coverage when analyzed with a
flat island model.** However, the Ni coverages investigated in that work (<1 ML) were
significantly less than those studied in the present work. Sicot et al. used STM to study 150 K Ni
nanoparticles on graphene/Rh(111) and found that the particle density increased with increasing
coverage while the particles remained the same size.*? This difference from the hemispherical
cap model of Figure 2 here (for graphene/Ni(111)) could be due to the fact that
graphene/Rh(111) instead has a buckled Moiré pattern which creates a high-density periodic
array of special sites, which may be more stable for particle nucleation, or due to the low fluxes
used in that work (<10% of the flux in the present study). Marz et al.** used STM to study Ni
deposited on HOPG(0001) at low temperatures and found dendritic Ni particles at high
coverages. Their reported STM images at low coverages appear to show hemispherical Ni
particles. The exact sample temperature for these experiments was unclear. (The sample was first
cooled to 77 K, then transferred to a different chamber for Ni deposition, where the sample
temperature could not be monitored. It seemed that the sample was quickly transferred back to
the 77 K location for STM imaging.)

3.4 Heat of Adsorption of Ni on Graphene/Ni(111)

The differential heats of adsorption of Ni gas atoms onto graphene/Ni(111) as a function
of Ni coverage at 300 and 100 K is shown in Figure 3. The data shows the measured heat of
adsorption for a series of pulses (each with ~0.013 ML per pulse) as the Ni coverage on the
sample increases. The curves shown for 300 and 100 K are averaged from several individual
calorimetry runs to ensure replicability and to reduce the standard deviation in the measured
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heats of adsorption. At 300 K, the initial heat of adsorption is 336 kJ/mol which then rapidly
increases to 400 kJ/mol in the first 0.1 ML. Above 0.1 ML, the heat slowly increases with
coverage until reaching the bulk heat of Ni sublimation (AHsu, = 430 kJ/mol) by 2 ML. At 100
K, the heat of adsorption in the first pulse is 230 kJ/mol, increases much more slowly with
coverage than at 300 K, and reaches the bulk heat of Ni sublimation by 3.5 ML. As in many
previous studies of the heat of metal atom adsorption for late transition metals on clean oxide
single crystal surfaces’?>>*%%¢7 (and Ag adsorption on this same type of graphene surface'®), the
reason the heat increases with coverage here is that the metal atoms first nucleate very small
clusters, these clusters quickly reach a constant (saturation) number density, and thereafter grow
in size, so that when new metal atoms arrive, they add to larger and larger clusters as coverage
increases. When a metal atom adds to a larger cluster, it typically makes more metal-metal
bonds, so the heat increases. For example, when an atom adds to a trimer, it can make only three
metal-metal bonds at most, whereas when it adds to a huge metal particle or extended surface, it
makes six metal-metal bonds (on average) for FCC or HCP packing. (Atoms in the bulk of both
these structures have 12 nearest neighbors, so that a nearest-neighbor bond additivity model
predicts that the sublimation energy equals 12/2 = 6 times the nearest-neighbor bond energy,
which also equals an atom’s adsorption energy on a kink site at the surface.)
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Figure 3: Differential heat of adsorption of Ni gas atoms onto graphene/Ni(111) as a function of

Ni coverage at 300 K (red, filled points) and 100 K (blue, open points). The inset shows the low
coverage regime (<0.3 ML) on an expanded scale.
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The lower initial heat of adsorption and slower increase in the heats of adsorption at 100
K compared with 300 K is attributed primarily to Ni particle size differences between the two
temperatures. At any given coverage below 2 ML, the Ni particles at 100 K are much smaller
than at 300 K. For example, one STM study mentioned above showed at 0.9 ML an average flat-
topped particle height of ~1.8 nm and width of ~12 nm at 300 K.** At this coverage for 100 K,
the particle diameter in only ~3 nm (based on the hemispherical cap model fit in Figure 2). These
tiny hemispherical caps formed at 100 K have a much larger fraction of undercoordinated atoms
(i.e., atoms with fewer Ni-Ni bonds and thus which are less stable) in comparison to the larger,
faceted particles formed at 300 K. Similarly, when a newly-deposited Ni adatom diffuses to and
binds to a small hemispherical cap, there is a much greater chance that it attaches to a site where
it is highly undercoordinated (i.e., where that new adatom forms fewer Ni-Ni bonds than at 300
K). For the larger particles at 300 K, there are sites where a new Ni adatom can make more Ni-
Ni bonds, and the new Ni adatom can diffuse fast enough to find those stronger-binding sites.
For example, when an adatom adds to a trimer, it can only make 3 Ni-Ni bonds, whereas when it
adds to a very large particle at 300 K, it can make 6 Ni-Ni bonds at a kink site on a Ni(111)
facet’s step edge. In the large particle size limit, each added Ni atom also makes 6 Ni-Ni bonds
and has a differential heat of adsorption equal to the bulk heat of sublimation. (In a simple
nearest neighbor bond-additivity model, the bulk sublimation energy or cohesive energy equals 6
times the Ni-Ni bond energy, since atoms in the bulk have 12 nearest neighbors and each of these
12 bonds is shared by 2 atoms: 12/2 = 6. This is twice the total Ni-Ni bond energy gained when
instead Ni adds to a trimer.) Consequently, fewer Ni-Ni bonds on average are formed when a Ni
atom attaches to a particle at 100 K when compared to 300 K at the same coverage, and the
measured heats of adsorption are smaller. This continues until the hemispherical caps grow
sufficiently large that they are dominated by sites where new Ni atoms can make as many Ni-Ni
bonds upon adsorption as at 300 K (~3.5 ML of Ni coverage). This increase in adsorption energy
with coverage as more Ni-Ni bonds are made is mitigated to some extent by the fact that more of
the Ni atoms in smaller particles also bond to the underlying graphene, as quantified below via
the adhesion energy at this Ni / graphene interface.

Using the average particle diameter as a function of coverage from Figure 2b allows us to
replot the 100 K heats of adsorption versus coverage from Figure 3 in the form of heats of
adsorption versus the effective Ni particle diameter to which the new Ni atoms add, as shown in
Figure 4a. This procedure was not possible for the 300 K heats of adsorption since our constant
height model does not allow for the determination of the Ni particle density nor their average
lateral dimensions. From Figure 4a, we can see again that the heats of adsorption at 100 K
increase rapidly with particle size due to the deposited atoms forming more Ni-Ni bonds as the
particle size increases, as described above.
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Figure 4: (a) Differential heat of adsorption of Ni vapor adsorption onto graphene/Ni(111) at
100 K as a function of the effective Ni particle diameter to which Ni adds during growth.
Particles with diameters larger than 4 nm could not be analyzed since the hemispherical cap
model assumptions break down above that size. (b) Chemical potential of Ni atoms on
graphene/Ni(111) at 100 K as a function of the average Ni particle diameter to which Ni atoms
add during growth.

3.5 Chemical Potential and Adhesion of Ni on Graphene/Ni(111)

If we assume the size-dependent changes in the entropic contributions to the free energy
are negligible compared to the very large enthalpic contributions for this system, we can
calculate the chemical potential of Ni atoms in nanoparticles on graphene/Ni(111) at each size.
The chemical potential relative to that of bulk Ni is simply the difference between the heat of
sublimation and the measured differential heat of Ni adsorption at that size. The resulting Ni
chemical potential as a function of the effective Ni particle diameter is shown in Figure 4b. As
can be seen, the Ni chemical potential begins high (200 kJ/mol) and rapidly decreases with the
particle diameter. Similar behavior has been shown for nanoparticles in this size range for many
transition metals on oxides and Ag on graphene.?

Previous work studying metal nanoparticles supported on single crystal oxides has shown
that the chemical potential for hemispherical nanoparticles is well approximated by>®

KDY = (37oym — Eaan) (1 +72) (52 &

where ¥,/ 1s the surface free energy of the bulk metal (2.38 J/m? for Ni), E 4, is the adhesion

energy of the metal/support (Ni/graphene here) interface, V;, is the molar volume of the
supported metal (6.59 m>/mol for Ni), and (1 + Do/D) with Dy = 1.5 nm is an empirical factor
that was added to the equation as originally derived (assuming that y,, ;,, and Eqp, are
independent of size'®) and has been shown to account for the increase in y,, ym and Eqqp (relative
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to their bulk values) as the supported nanoparticles decrease in size for many different metals
and oxide supports.>® This equation has also been shown to fit data for Ag on graphene/Ni(111)
1.15 Using eq 1, E 4y, is the only unknown variable which provides a method to calculate
E,an by fitting the measured Ni chemical potential as a function of the diameter.

very wel

The heat of adsorption here does not reach the bulk heat of Ni sublimation at the largest
particle sizes analyzed (~4 nm), in contrast to many other metal on support systems studied with
SCAC and He" LEIS!34667 This same phenomenon has been observed for both systems
involving Ni deposition studied previously by our group, namely Ni/MgO(100) and
Ni/CeO»(111), and was attributed to a structural phase change whereby Ni adopts hexagon close
packed (HCP) structure for very small Ni particles (<5 nm) but takes on the usual face-centered
cubic (FCC) structure for large particles.®?

As discussed in previous work from our group,® eq 1 can be modified to account for this
difference in crystal packing, which results in the following equation:

1(D) = (3yum — Eaan) (14 72) (552) + (Ao — BH3) @

where AH,,;, is the heat of sublimation of the small-particle HCP phase (in the large-size limit)
and AHg,,;, is the bulk FCC phase heat of sublimation (430 kJ/mol for Ni). Eq 2 now has two
parameters, E 4, and AH},,;,, that are required to fit the experimental data.

Both eq 1 and eq 2 were used to fit the measured chemical potential data and these fits
are shown as dotted and solid lines (respectively) in Figure 4b. Using eq 1 to fit the data gave a
best-fit value for E 4, = 2.03 J/m? and the fit had a standard deviation (o) of 18 kJ/mol relative
to the measured values, while using eq 2 gave best-fit values of E, 4, = 3.60 J/m? and AH,, =
406 kJ/mol, and had a standard deviation of 11 kJ/mol versus measured values.

These standard deviations show that using eq 2 gives a better fit to the measured
chemical potentials versus size, suggesting the formation of a different phase (HCP) for small Ni
nanoparticles supported on graphene/Ni(111) than for large Ni particles (which prefer the bulk
FCC phase). For Ni/MgO(100), a best-fit value of AH,,;, = 405 kJ/mol was determined with the
same method,?® while Ni/CeO»«(111) gave a best-fit value of AH},;, = 404 kJ/mol.® The best-fit
value of AH,,,;, is almost identical for all three of these systems, suggesting that very small,
supported Ni nanoparticles often form the same HCP phase.

Hexagonal close packed Ni films and nanoparticles have been observed on MgO(100),
Au(100), and Ru(1120), Ru(1100), and carbon nanotubes and the formation of this HCP phase
has been attributed to size, lattice strain, and energetic effects.®®72 This HCP Ni phase has also
been reported for small unsupported Ni nanoparticles using a variety of different preparation
methods where the HCP Ni phase can be stabilized by surface decoration by ligands.”*> This
HCP phase will only form for metals in which the FCC structure is only very slightly more stable
than the HCP structure and differential size effects can change the lattice packing. Indeed, it was
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found that the HCP structure for Ni nanoparticles on MgO(100) and CeO>(111) had a heat of
sublimation that was only 25 to 26 kJ/mol smaller than that for FCC Ni.®?* In addition, DFT
calculations found that the HCP phase is only slightly less stable in the bulk than the normal
FCC phase, but the surface energy per unit area of the HCP phase is lower than the surface
energy of the FCC phase.’® This surface energy difference could cause the HCP phase to be more
stable than the FCC phase below some critical particle size. When the surface to volume ratio
decreases as the nanoparticles grow, the HCP then transforms to the FCC phase, well known to
be the most stable phase for very large particles.

In much of the previous work studying the HCP Ni phase, it has been argued that the
HCP phase is caused by lattice strain.3**%%707! However, in this present study, the C(0001)
(graphene/Ni(111)) substrate is almost perfectly lattice matched with bulk FCC Ni(111) and
lattice strain is not expected in the large size limit (although there may be lattice strain for small
Ni particles, since small metal nanoparticles are well known to contract slightly in lattice
constant relative to bulk metal). The Ni clusters formed on graphene here could nucleate from a
HCP-like cluster structure and/or be thermodynamically stabilized due to the lower surface
energy of the HCP phase mentioned above. In addition to this affect, a carbon environment also
facilitates the stabilization of the Ni HCP phase. This has been found in the thermal
decomposition of NizC nanoparticles and PVD growth of Ni on carbon nanotubes were stabilized
by a carbon shell around the Ni particles.”>”” Here we do not observe any evidence of Ni particle
encapsulation with our LEIS and SCAC experiments. However, a large fraction of the surface Ni
atoms in the small nanoparticles are in contact with carbon support surface, giving rise to a
similar effect.

The continued decrease in Ni chemical potential as the particles grow beyond a diameter
of 3.5 nm suggests that the Ni particles may transition from the HCP phase to the
thermodynamically stable FCC phase near this particle size. If we fix the value of AH,,;, = 404.5
kJ/mol (the average of the values for Ni/MgO(100) and Ni/CeO2«(111)) and fit the chemical
potential with eq 2 only up to a diameter of 3.5 nm, we instead obtain a best-fit value of E 45, =
3.53 J/m? with a standard deviation of 8.7 kJ/mol relative to measured values, in close agreement
with the values calculated above.

There is no previously reported direct evidence for the HCP phase for small Ni particles
on graphene. We have only postulated it here to better explain how the heat of Ni adsorption
varies with coverage at 100 K, specifically the continued increase at very high coverages (large
particle sizes) when the Ni is proposed here to transition from HCP to the more stable FCC
phase.
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4. Discussion

The adhesion energy of 3.60 J/m? found here for Ni on graphene/Ni(111) can be directly
compared with the work of Lahiri et al. in which room temperature STM measurements of Ni
nanoparticles on graphene/Ni(111) were used along with the Wulff construction to determine the
adhesion energy for this same system.*® Their results showed an adhesion energy of 3.5 J/m? in
the large particle size limit (for Ni that we expect was in the FCC structure), within 3% of our
value measured by calorimetry here at 100 K for HCP particles (extrapolated to the large-size
limit). Despite this FCC versus HCP structural difference, this close agreement supports the
conclusion that eq 2 is appropriate for analyzing the chemical potential data in Figure 4b. These
values are also consistent with DFT calculations done in that same work,>® which found an
adhesion energy of 3.47 J/m? for a Ni adlayer on graphene/Ni(111). Those same DFT
calculations surprisingly found an adhesion energy of only 0.81 J/m? at the graphene/Ni(111)
interface. They attributed this large increase in interfacial bonding for Ni/graphene/Ni(111) to an
increase in electronic density at the interface due to the underlying Ni(111) substrate, compared
to Ni on free-standing, pristine graphene.

An adhesion energy of 3.6 J/m? implies a contact angle (0) of 58° for a spherical cap (1 +
cos 0 = Eadn / v /m),78 whereas the hemispherical cap structure assumed above has 90° contact
angle (which would occur only if Eaah = vy, /m = 2.38 J/m?). Thus, there is clearly some error in
the adhesion energy estimated here. We are developing a method that can analyze the
combination of LEIS data on average particle thickness and calorimetric chemical potential
versus coverage for spherical caps with arbitrary contact angle, but that requires rather complex
theoretical development that will take many more months to complete.

This adhesion energy of 3.60 J/m? from eq 2 can further be compared with the adhesion
energy of 1.80 J/m? for Ag on graphene/Ni(111).!> This stronger adhesion energy of Ni
compared with Ag is consistent with DFT calculations which show a stronger binding strength of
Ni monomers to graphene.’ >’ In comparison to Ni on oxide supports, Ni/graphene has an
intermediate adhesion energy between Ni/MgO(100) and Ni/CeO>(111), which have adhesion

energies of 3.05 J/m? and 4.39 J/m? respectively.®?

This intermediate adhesion energy for Ni on graphene/Ni(111) has important implications
for the design of heterogeneous catalysts. As seen in eq 2, this intermediate adhesion energy
means that for a given particle size (below ~6 nm) the Ni chemical potential on (metal-
supported) graphene will be somewhat higher than Ni on CeO2x(111) but lower than Ni on
MgO(100). Given the quantitative relationship that shows that a high chemical potential leads to
higher sintering rates,”’*%" we expect that the rate of catalyst deactivation by sintering will be
lower for Ni supported on metal-supported graphene compared with MgO, but higher than for Ni
supported on CeO:. In addition, many qualitative predictions have shown that metal
nanoparticles with a higher chemical potential will bind small, adsorbed intermediates more
strongly.>®° This suggests that nanoparticles supported on metal-supported graphene will bind
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adsorbed intermediates more strongly than particles of the same size supported on CeO», but less
strongly than those particles supported on MgO.

Our measured heats of adsorption can also be compared with DFT calculations in the
literature. If we assume the smallest particles measured at 100 K have a hemispherical geometry
and the same density as bulk Ni (8.90 g/cm?), we can determine that these smallest particles have
an average of 13 atoms with a heat of adsorption of 230 kJ/mol. This heat of Ni adsorption for
making Nii3 on graphene/Ni(111) can be compared with DFT calculations that found a Ni gas
atom adsorption energy of 2.66 — 3.02 eV/atom (262-298 kJ/mol) to form 3-dimensional Ni
cluster sizes of 4 to 10 atoms bound to the surface of pristine, free-standing graphene.>**! While
similar to our experimental measurement of 230 kJ/mol, these DFT calculations all found a 32 to
68 kJ per mol Ni stronger binding of 3D Ni clusters to free-standing graphene than we measure
for 3D Nii3 on graphene/Ni(111).

This difference between the measured Nii3 binding enthalpy of 230 kJ/mol and the
calculated Nis-Nijo binding energies of 262-298 kJ/mol could be explained by the stabilization of
the graphene film by the Ni(111) substrate used in our experiments. If we assume the
graphene/Ni(111) adhesion energy is the same E,4;, as measured above (3.6 J/m?), we can
convert this adhesion energy to ~116 kJ per mol surface Ni atoms using the Ni(111) surface atom
density (1.87 x 10" atoms/m?) and Avogadro’s number. This corresponds to 58 kJ per mol
surface C atoms, since there are two C atoms for every Ni surface atom in this graphene film (see
above). Thus, the C atoms in this graphene on Ni(111) film are stabilized by ~58 kJ/mol when
bound to Ni(111) compared with free-standing graphene. This can partly explain why our
measured adsorption enthalpy of making Nii3 on graphene/Ni(111) is significantly smaller than
DFT results for making Nis-Nijo on free-standing graphene despite the larger cohesive energy
contribution expected for the larger particle size we measured.

The differences in growth modes and particle sizes between 300 K and 100 K are mainly
due to the differences in the diffusion rate of Ni monomers. It is well-known that the number
density of islands is typically much larger at 100 K than 300 K during metal vapor deposition.'”
The rapid down-stepping that enables the growth of wide, flat-topped islands at 300 K is not
expected to occur at 100 K. Thus, the particles will be much smaller at 100 K than 300 K causing
a much higher surface area / volume ratio. For these small Ni nanoparticles, the DFT-predicted
lower surface energy of the HCP phase compared with the FCC phase’® might dominate over the
small bulk energy difference between these two phases and might cause these small
nanoparticles to assume the HCP phase at 100 K, whereas at the same coverage the particles are
much larger at 300 K and are more likely to assume the bulk FCC phase at 300 K. This
difference in phase might also contribute to the difference in island shape between 100 K and
300 K.
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5. Conclusions

Calorimetric adsorption energies of Ni vapor deposited onto graphene/Ni(111) are used
in conjunction with the growth morphology to determine the Ni chemical potential as a function
of Ni nanoparticle size as well as the adhesion energy of Ni metal to graphene/Ni(111). The He"
LEIS experiments showed that Ni grows as 3D nanoparticles on graphene/Ni(111) at 100 K with
a particle density of 2.23 x 10'® particles/m?. At 300 K, Ni vapor deposited onto
graphene/Ni(111) instead forms flat-topped islands with an average height of 1.54 nm in the
coverage range 0.2 to 3.0 ML. QMS measurements showed an initial sticking probability for Ni
vapor of 94% at 300 K and 96% at 100 K. This is consistent with expectations since the ratio of
the desorption rate to the diffusion rate is much lower at 100 K than at 300 K (since the
activation barrier for desorption is much larger than that for diffusion). The heat of Ni adsorption
at 300 K is initially 336 kJ/mol and rapidly increases to 400 kJ/mol in the first 0.1 ML of Ni
deposition (where the Ni particles already reach ~1 nm thick), and further increases to the bulk
heat of Ni sublimation (430 kJ/mol) by 2 ML. The heat of adsorption at 100 K begins at 230
kJ/mol, increases much more slowly with coverage than at 300 K, and reaches the bulk heat of
Ni sublimation by 3.5 ML. The Ni chemical potential as a function of average Ni particle
diameter (from 0.5 to 4 nm) was determined from the 100 K heats of adsorption and was shown
to decrease with Ni coverage and diameter. By fitting the measured chemical potential as a
function of diameter to a previously reported model, we determined an adhesion energy of 3.6
J/m? for Ni particles (in the larger-size limit) on graphene/Ni(111). This adhesion energy is in
good agreement with STM and DFT investigations of Ni/graphene/Ni(111) and its value is in
between those for Ni/MgO(100) and Ni/CeO2(111). These chemical potential versus diameter
results are best fitted if we assume that these small Ni nanoparticles at 100 K form an HCP phase
with a sublimation enthalpy ~25 kJ/mol smaller than that of the normal bulk FCC phase,
consistent with those earlier reports for Ni on MgO(100) and CeO(111).
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